Background: VLDLR is a receptor for Reelin in brain neurons, but its mode of regulation is unclear. Results: BDNF increases VLDLR gene expression in hippocampal neurons, whereas Reelin decreases the receptor post-transcriptionally. Conclusion: Reelin down-regulates VLDLR via the E3 ubiquitin ligase Mylip/Idol. Significance: The dynamic regulation of VLDLR by BDNF and Reelin may be important for neuronal migration and brain development.
Reelin is a large secreted glycoprotein that binds to the VLDL receptor (VLDLR) 2 and to ApoER2 (apolipoprotein E receptor 2) (1-3). Mutation in Reelin leads to severe developmental defects in the buildup of the laminated structures of the brain as exemplified by the disorganized cortex in the Reelin mutant mouse (4, 5) . In humans, a lack of proper Reelin function affects neuronal migration and leads to neurodevelopmental disorders such as lissencephaly (6) . Disturbed Reelin signaling has also been associated with neurological diseases such as Alzheimer disease, epilepsy, and schizophrenia (7) (8) (9) (10) . Interaction of Reelin with VLDLRs at the cell surface induces signaling and tyrosine phosphorylation of the protein Dab1 (Disabled-1) via the Src family of kinases (11) (12) (13) . Phosphorylated Dab1 then transmits the Reelin signal into the cell and influences the cytoskeleton and the expression of specific genes (9, 13, 14) . The precise mechanisms by which Reelin influences neuronal migration and neurodevelopment are, however, not fully understood.
BDNF is a neurotrophic factor of the neurotrophin family that is widely expressed in the brain (15, 16) . BDNF is important in neurodevelopment and contributes to the regulation of neurogenesis, neuroblast migration, and neuronal survival and maturation and to the function of neuronal networks and plasticity in adults (17) (18) (19) (20) (21) . BDNF acts by binding to the high affinity TrkB receptors, leading to receptor phosphorylation and activation of downstream signaling pathways (22) . As the receptors TrkB and VLDLR can be expressed by the same neuron, we reasoned that the signals induced by BDNF and Reelin may functionally interact. To study this, we cultured hippocampal neurons from developing rat brain and analyzed the regulation of VLDLR. The results show that both BDNF and Reelin can affect VLDLR levels in hippocampal neurons, but the mechanisms are different. BDNF increased VLDLR gene expression, whereas Reelin down-regulated VLDLR levels via the E3 ubiquitin ligase Mylip (myosin regulatory light chaininteracting protein)/Idol (inducible degrader of the LDL receptor) (23, 24) . The dynamic regulation of VLDLR levels by contrasting BDNF and Reelin signals is likely to affect neurodevelopment and may have consequences for neuronal functions also in the mature brain.
EXPERIMENTAL PROCEDURES
Reagents and Plasmids Constructs-Expression plasmids and shRNA constructs for Mylip/Idol constructs were reported previously (23) (24) (25) (26) (27) . Adenoviral vector expressing wild-type Mylip/Idol was as described (24) . The cloning and characterization of the VLDLR promoter construct (28) and the mouse Mylip/Idol promoter (29) have been described previously.
Cell Culture and Transfections-Hippocampal neurons were prepared from embryonic day 17 Wistar rats (Harlan Laboratories) and plated onto polyornithine (Sigma)-coated 6-well plates at a density of 2 ϫ 10 6 cells. Cells were cultured in Neurobasal medium containing 2% B27 supplement as described previously (30, 31) . Cells were cultured for 5-7 days and stimulated with 50 g/ml BDNF (PeproTech, London, United Kingdom) or with 0.1-2 g/ml recombinant Reelin (R&D Systems) alone or together for various periods of times. The synthetic liver X receptor (LXR) ligand GW3965 was used to induce Mylip/Idol (27, 29) , actinomycin D (Sigma) was used to inhibit gene transcription, and bafilomycin A 1 (Sigma) was used to block lysosomes. To down-regulate Mylip/Idol, freshly prepared neurons were transfected with Mylip shRNA constructs using the Nucleofector rat neuron system (Amaxa GmbH) as described previously (32, 33) . To modulate Mylip/Idol activity, cultured neurons were infected with adenoviruses encoding wild-type Mylip/Idol (24) for 3 days following stimulation with Reelin for 24 h.
Immunoblotting and Immunoprecipitation-Neurons were lysed, and immunoblots were made essentially as described previously (31) (32) (33) . Protein concentrations were determined using the Bradford assay, and an equal amount of protein per sample was subjected to SDS-PAGE and blotted onto nitrocellulose filters (Amersham Biosciences). The filters were first incubated for 1 h in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween 20, and 5% skim milk and then overnight at 4°C with anti-VLDLR (1:250; Santa Cruz Biotechnology clone 6A6), anti-ApoER2 (1:10,000; kind gift of Dr. Noam Zelcer), anti-Mylip/Idol (1:1000; Abcam), rabbit anti-MIR (23), anti-Cnpy2 (Canopy-2)/Msap (MIR-interacting saposin-like protein) (1:2000; Proteintech), anti-phosphoDab1 (1:1000; Abcam), anti-Dab1 (1:200; Santa Cruz Biotechnology), or anti-␤-actin (1:5000; Sigma) primary antibody. After washing, the filter was incubated with horseradish peroxidase-conjugated secondary antibodies (1:2500; Jackson ImmunoResearch Laboratories), followed by detection using enhanced chemiluminescence (Pierce). Quantification was performed using Gel Doc (Bio-Rad).
To study ubiquitination of endogenous VLDLRs, lysates were made from control and 24-h Reelin-stimulated neurons. Lysates from precleared cell supernatants were incubated overnight at 4°C on a rotary shaker using 2 g/ml anti-VLDLR antibodies. Immunocomplexes were bound to Sepharose A for 2 h at 4°C and recovered by centrifugation (29) . Beads were washed three times, and the samples were resuspended in SDS-PAGE buffer and subjected to immunoblotting using anti-VLDLR and anti-ubiquitin antibodies. Blots were quantified by densitometry.
Promoter Assays-Hippocampal neurons in 6-well plates were transfected for 24 h with 0.5 g of VLDLR promoterluciferase reporter (28) . To control for transfection efficiency, 0.02 g of pRL-TK Renilla luciferase was used. Cells were treated with 50 ng/ml BDNF for 24 h and harvested by using Passive lysis buffer, and the Renilla and firefly luciferase activities were measured using a luminometer (Promega) (29, 31) . The Mylip/Idol promoter assay was performed similarly, but cells were stimulated with 1 g of Reelin. The results of gene activities are shown as -fold increase in firefly luciferase activity normalized to Renilla activity. The control empty vector pGL was included as an additional control and showed no change in activity.
RNA Isolation and Quantitative PCR-Total RNA was extracted using the RNeasy tissue kit (Qiagen), followed by cDNA synthesis essentially as described (29, 34) . LightCycler 480 SYBR Green I Master (Roche Applied Science) real-time quantitative PCR (qPCR) assays were performed on a LightCycler 480 (Roche Applied Science) with a 96-well block. Each 20-l qPCR contained 2 l of the cDNA product (1:50 dilution) and 1 l of 10 M each of the forward and reverse primers. The reaction was run for 15 min at 95°C for initial activation of the enzyme, followed by 40 cycles of 15 s at 95°C for denaturation, 20 s at 60°C for annealing, and 10 s at 72°C for extension. After completion of the reaction, the PCR products were subjected to a melting curve analysis spanning the temperature range from 60 to 95°C. The specificity of the amplification was further confirmed by electrophoresis on 2% agarose gels stained with SYBR Safe (Invitrogen). The results show the averages of three replicate experiments normalized to GAPDH and actin. The following primer sequences were used for qPCR: VLDLR, 5Ј-AGCAATCTCAGTTGTAAGC-3Ј (forward) and 5Ј-TAG-GGTGTTATGGGTGTAG-3Ј (reverse); Mylip/Idol, 5Ј-AGG-CATCTCAATTTGTAAAG-3Ј (forward) and 5Ј-GTAGACA-TTCTTTCCTGACT-3Ј (reverse); ␤-actin, 5Ј-TGGGTATGG-AATCCTGTG-3Ј (forward) and 5Ј-GGTCTTTACGGATGT-CAAC-3Ј (reverse); and GAPDH, 5Ј-GCCAAGTATGATGA-CATCAAG-3Ј (forward) and 5Ј-AAGGTGGAAGAATGG-GAG-3Ј (reverse).
Quantification-Statistical comparisons were performed using one-way analysis of variance (ANOVA), followed by a Bonferroni post hoc test (more than three groups). Student's t test was used in experiments with two groups with GraphPad Prism version 5.0 (GraphPad Software). Values are expressed as means Ϯ S.E. p Յ 0.05 was considered significant.
RESULTS

BDNF Increases VLDLR Levels in Hippocampal Neurons via
TrkB Receptors-Hippocampal neurons prepared from embryonic rat brain express TrkB receptors and respond to treatments with BDNF (17, 18) . We observed that stimulation of cultured hippocampal neurons with 50 ng/ml BDNF increased the VLDLR levels in a time-dependent manner ( Fig. 1, A and C) . The increase in VLDLRs by BDNF involved the TrkB receptors as shown by using the inhibitor K252a (Fig. 1D) . In contrast to VLDLR, BDNF did not significantly elevate ApoER2 in hippocampal neurons (Fig. 1B) . As shown previously, stimulation of cells with the LXR agonist GW3965 leads to the degradation of lipoprotein receptors following ubiquitination that is induced by the E3 ligase Mylip/Idol (23, 27) . In hippocampal neurons, the addition of GW3965 down-regulated VLDLR, and this effect was counteracted by BDNF (Fig. 1E) . In contrast to GW3965, BDNF did not significantly influence Mylip/Idol levels in hippocampal neurons (data not shown).
BDNF Increases VLDLR Gene Transcription-Experiments using actinomycin D revealed that BDNF increased VLDLR at the RNA level ( Fig. 2A) . We also observed an increase in VLDLR mRNA by BDNF in hippocampal neurons using qPCR (Fig. 2B) , suggesting an effect on VLDLR expression. To study this further, we employed the 5Ј-upstream sequence of the VLDLR gene linked to the luciferase reporter construct. Previously, the VLDLR gene promoter was shown to be active in different human cell lines, including human hepatocyte cells and trophoblasts (28) . We observed that the VLDLR promoter is active in hippocampal neurons also, and stimulation with BDNF significantly increased this activity, showing a direct effect of BDNF on VLDLR gene transcription (Fig. 2C) .
Together, these results show that BDNF increases VLDLR gene transcription in hippocampal neurons, leading to an increase in VLDLR levels.
Reelin Down-regulates VLDLRs in Hippocampal Neurons by Increasing Receptor Degradation-BDNF levels in the brain and hippocampus are known to increase during early development (35) , whereas VLDLR levels are low in the mature brain. We therefore reasoned that there must be other mechanisms in addition to BDNF for regulation of VLDLRs in the hippocampus. VLDLR and ApoER2 are thought to undergo internalization and endocytosis upon binding Reelin at the cell surface (13, 14, 36) . However, the precise mechanisms regulating trafficking of these receptors are not fully understood, but lysosomes play a role in receptor degradation. We observed that stimulation of hippocampal neurons with Reelin for 24 h drastically reduced VLDLRs in these cells (Fig. 3A) . The decrease in VLDLR levels by Reelin was blocked by bafilomycin A 1 (Fig. 3B) , which inhibits lysosomal degradation. Reelin also decreased VLDLR levels induced by BDNF for 24 h (Fig. 3C) . To compare Reelin with the effect of LXR signaling, neurons were stimulated with Reelin alone or together with GW3965, and the VLDLR levels were determined. The data show that both Reelin and GW3965 reduced VLDLR levels in hippocampal neurons, and the effect was additive (Fig. 3D) . Moreover, Reelin was relatively stronger in decreasing the VLDLR levels compared with GW3965 (Fig.  3D) . We studied also whether Reelin can induce ubiquitination of VLDLRs in neurons. The results obtained by immunoprecipitation show that VLDLR was more heavily ubiquitinated in hippocampal neurons after stimulation with Reelin compared with controls. These results suggest that Reelin down-regulates FIGURE 1. BDNF increases VLDLR levels in hippocampal neurons. Hippocampal neurons were prepared from embryonic day 17 rats and cultured for 7 days as described under "Experimental Procedures." Cells were stimulated with 50 ng/ml BDNF for various times, and immunoblotting was performed using specific antibodies against VLDLR and ApoER2. ␤-Actin was used as a control. Left panels, immunoblots; right panels, quantifications done using ImageJ. VLDLRs in hippocampal neurons via lysosomal degradation of the receptor involving protein ubiquitination.
Reelin Increases Mylip/Idol in Hippocampal Neurons Essential for VLDLR Down-regulation-Binding of Reelin to VLDLR is known to activate intracellular signaling pathways in target neurons. Dab1 is a signaling protein for VLDLRs (4, 5) and was phosphorylated by Reelin at 1 h of stimulation (Fig. 4A) . In addition, Reelin significantly increased the level of Mylip/Idol from 3 h onwards (Fig. 4A) . Reelin decreased the VLDLR levels in a concentration-dependent manner, whereas the Mylip/Idol levels were increased (Fig. 4B) . In contrast, Cnpy2/Msap, which is known to modulate LDL receptor (LDLR) levels in hepatocytes (29), was not changed in neurons after stimulation with Reelin (Fig. 4B) .
Mylip/Idol is a labile protein that has been hard to detect on immunoblots (24, 27, 37) . In lysates from rat cultured neurons, we detected endogenous levels of Mylip/Idol that were further increased by blocking proteasomes using the compound MG321 and by stimulation of LXRs with GW3965 (Fig. 4C ). The precise band of Mylip/Idol using the antibody was ϳ47 kDa (Fig. 4C ). This is in agreement with recent data obtained using an anti-Idol monoclonal antibody and lysates from mouse peritoneal macrophages (37) . Statistical analyses of the effects revealed that Reelin more strongly increased Mylip/Idol levels in these neurons compared with GW3965 (Fig. 4D) . This is in accordance with data showing that the down-regulation of VLDLR observed with Reelin was greater than that with GW3965 (Fig. 3D) .
Using qPCR, we observed that the addition of Reelin increased the Mylip/Idol mRNA levels in neurons (Fig. 4E) . Reelin also increased the activity of the Mylip/Idol promoter in these cells, demonstrating an effect of Reelin on gene transcription (Fig. 4F) .
To study the dynamics of Mylip/Idol in neurons in more detail, we infected the cells with adenovirus expressing wildtype Mylip/Idol (24) . The results show that expression of wildtype Mylip/Idol decreased VLDLR levels in neurons (Fig. 5A ). This indicates that these receptors are efficiently degraded in neurons due to the presence of active Mylip/Idol.
To clarify the role of Mylip/Idol in Reelin-mediated VLDLR regulation, we down-regulated Mylip/Idol using shRNA constructs for the rat protein (27) . The data show that down-regulation of Mylip/Idol using RNA silencing largely counteracted the decrease in VLDLRs brought about by Reelin, with no effect observed with control shRNA (Fig. 5B) . Expression of mutant Mylip/Idol lacking the active E3 ligase (25, 27 ) also reversed the Reelin-mediated decrease in VLDLRs (Fig. 5C ). Interestingly, there was an increase in the basal levels of VLDLRs after expression of Mylip/Idol in neurons (Fig. 5C ). This suggests that inactive mutant Mylip/Idol may act in a dominant-negative manner with regard to endogenous Mylip/Idol, thereby increasing VLDLR levels.
DISCUSSION
In this work, we have shown that VLDLR levels in developing hippocampal neurons are regulated by BDNF and Reelin in a reciprocal manner. The dynamic regulation of VLDLRs by these factors is likely to be important for the development of various brain structures. Reelin plays a role in neuronal migration and in the positioning of cells in the brain. In the hippocampus, Reelin has been shown also to specifically influence dendritic maturation and synaptogenesis (38, 39) . Reelin also enhances cognitive performance and increases synaptic plasticity in adult mouse brain (40) . Mutation of Reelin or its signaling pathways can lead to developmental defects with an altered connectivity of neurons that is characteristic of many neurological disorders.
Previous studies have shown that VLDLR and ApoER2 are receptors for Reelin (1) (2) (3) . VLDLR and ApoER2 have a similar expression pattern in the brain, but they do not completely overlap. VLDLR is expressed in different parts of the developing brain, including the hippocampus, cortex, and cerebellum, with the highest levels found in the cerebellum (4, 5) . In the hippocampus, VLDLR is expressed preferentially by neurons, although some glial cells also express this receptor (see GENSAT). Typical immunoblots are shown and were repeated three times. C, immunoblot with antibody testing. Hippocampal neurons were stimulated 1 g/ml Reelin or 1 M GW3965 (GW) for 24 h alone or together with the proteasomal inhibitor MG321 (MG; 4 g/ml), which was added for 4 h. Lysates were made, and immunoblotting was performed using anti-Mylip antibodies. ␤-Actin was used as a control. Note the increase in endogenous Mylip/Idol levels (47-kDa band) by MG321 and GW3965 and the additive effect using both compounds. Reelin also increased Mylip/Idol. For sake of clarity, the whole blot is shown here. Of note, there are also unspecific (high and low molecular mass) bands using the anti-Mylip antibody that have been observed before, the nature of which is unclear. D, summary of data on Mylip/Idol. Reelin was relatively more effective than GW3965 in increasing Mylip/Idol in neurons. Values are means Ϯ S.D. (n ϭ 6; ANOVA p value, 0.0006; F, 32.86; Tukey's test). ***, p Ͻ 0.001 for Reelin versus the control; **, p Ͻ 0.01 for Reelin versus GW3965; *, p Ͻ 0.05 for GW3965 versus the control. E, RNA was prepared from control and 3-h Reelin-stimulated neurons, and qPCR was performed as described under "Experimental Procedures. BDNF is an important neurotrophic factor in the brain that influences various aspects of neuronal development. In the hippocampus, the level of BDNF increases with postnatal development concomitant with neuronal differentiation and maturation (35, 41) . The precise downstream genes and mechanisms by which BDNF influences hippocampal neuron development are not fully understood. Here, we have shown that BDNF elevates VLDLRs in developing neurons, with smaller effects on ApoER2. The increase in VLDLRs by BDNF was observed at both the RNA and protein levels. The data obtained using the upstream promoter region of VLDLR linked to a luciferase reporter revealed that BDNF increased the gene activity of VLDLR. These data show that VLDLR is a BDNF-responsive gene, adding to the complexity of genes that are induced by BDNF in developing neurons.
Previous transfection studies have shown that the 4-kb large upstream region of the VLDLR gene is an active gene promoter in different cell types, including human hepatoma cells (28).
However, there have been no studies so far on VLDLR gene activity in neuronal cells. The VLDLR promoter contains several regulatory elements for binding of transcription factors such as the C/EBP (CCAAT/enhancer-binding protein), CREB (cAMP response element-binding protein), and GATA-1 factors (28) . It is also known that BDNF via TrkB is able to increase CREB levels in neurons (22) . As shown previously in non-neuronal cells, the VLDLR promoter is regulated in a cell-specific manner by a combination of transcription factors acting in a positive or negative manner (28) . The precise mechanisms by which BDNF activates VLDLR gene expression and the transcription factors involved in this in neuronal cells warrant further detailed study.
In contrast to BDNF, we observed that Reelin down-regulated VLDLR levels largely via a post-transcriptional mechanism. The VLDLR and LDLR levels have been previously shown to be regulated by receptor ubiquitination that is induced by the E3 ligase Mylip/Idol (24, 27) . Mylip/Idol itself is increased by activation of nuclear LXRs via oxysterols or by using synthetic ligands such as GW3965 (24, 27, 29) . Furthermore, the LDLR levels in hepatocytes are influenced by expression of Cnpy2/ Msap, which antagonizes the biological effect of Mylip/Idol (29) . In comparison with LDLRs, little is known about the regulation of VLDLRs particularly in neuronal cells. We have shown here that VLDLRs are expressed by hippocampal neurons in culture and that the cells respond to Reelin by rapid activation of VLDLR signaling as shown by Dab1 phosphorylation. Reelin reduced VLDLR levels in neurons at 24 h, showing that Reelin stimulation causes receptor down-regulation. The addition of bafilomycin A 1 , which inhibits lysosomes, blocked the decrease in VLDLR induced by Reelin, indicating that VLDLR is degraded in lysosomes following Reelin stimulation. To study this in more detail, we determined the levels of ubiquitin species bound to VLDLRs by immunoprecipitation. The data show that the endogenous VLDLRs were more heavily ubiquitinated in Reelin-treated hippocampal neurons compared with controls. Collectively, these results show that Reelin is able to down-regulate its own receptor by promoting VLDLR ubiquitination and lysosomal degradation. In the future, it will be important to study which lysine residues in VLDLR become ubiquitinated and whether the receptor is preferentially monoand/or polyubiquitinated following Reelin treatment. As such, the regulation of receptors by their own ligands in target cells is not surprising and has been shown previously for different growth factors and their tyrosine kinase receptors (42) .
To clarify the mechanisms by which Reelin influences VLDLR levels, we focused on Mylip/Idol, which is known to ubiquitinate and down-regulate this receptor. The data show that Reelin elevated Mylip/Idol in hippocampal neurons mainly via increased gene expression. Interestingly, the increase in Mylip/Idol by Reelin was even stronger than that observed with the LXR ligand GW3965 (Fig. 4D) . This may contribute to the larger effect of Reelin in down-regulation of VLDLR in these neurons compared with GW3965 ( Fig.  3D ; compare Figs. 1E and 3C ). The precise mechanisms by which Reelin stimulates gene expression of Mylip/Idol are currently under investigation. To study the role of Mylip/Idol in VLDLR regulation in neurons, we down-regulated Mylip/Idol using shRNA, which virtually abolished the decrease in VLDLR induced by Reelin. This result demonstrates that Mylip/Idol is essentially involved in the regulation of VLDLR by Reelin. A similar finding was observed in experiments using a functionally inactive form of Mylip/Idol that lacks the important cysteine in the RING domain (C387A mutant) (25, 27) . We observed that expression of mutant Mylip/Idol was able to counteract the decrease in VLDLRs induced by Reelin in hippocampal neurons. The basal levels of VLDLRs were also increased in these neurons, suggesting that mutant Mylip/Idol may have a dominantnegative effect compared with the wild-type protein. However, more experiments in the future are needed to clarify the biochemical bases for this effect of mutant Mylip/Idol particularly in neuronal cells. Further evidence supporting the view that the VLDLRs are tightly regulated in neurons was provided by the dose-response curve for Reelin showing that there is an inverse linear relationship between the VLDLR levels and the amount of Mylip/Idol present (Fig. 4B) . Moreover, expression of wild-type Mylip/Idol using adenoviruses decreased VLDLRs in neurons (Fig. 5C) .
Physiologically, this study shows a reciprocal regulation of VLDLR levels by BDNF and Reelin in developing neurons, which may increase our understanding about VLDLRs in neurodevelopment. Reelin was originally thought to induce a stop signal in migrating neuroblasts, which is crucial for the right lamination of different brain structures during development (4, 5) . This view has been modified by recent experiments showing that Reelin may rather act as a "detach and go" signal in neuronal migration (13, 14, 43) . The results of this study could be in favor of such a model by showing that VLDLRs are down-regulated by Reelin and that the block in cell migration may be transient in nature possibly and followed by a re-entry of cell movements. The increase in VLDLRs by BDNF may in turn allow for alternative waves of VLDLR expression, which is important for cell migration and proper establishment of brain structures during development. Previous studies have shown that expression of BDNF in the developing brain cortex of transgenic animals results in reduced Reelin levels (44) . BDNF has also been shown to influence Cajal-Retzius cells (45) , which express Reelin during hippocampal development (46) . BDNF is further regulated in an activity-dependent manner in the hippocampus and brain cortex (16, 47) , suggesting that VLDLR expression could be similarly controlled. This attractive hypothesis is currently under investigation.
This study has shown that VLDLR is regulated in hippocampal neurons by both transcriptional and post-transcriptional mechanisms. BDNF increased gene expression of VLDLR, whereas Reelin decreased VLDLR levels largely via induction of the E3 ligase Mylip/Idol. The results for VLDLRs show an important functional connection between BDNF and Reelin signaling pathways during brain development. Cell signaling disturbed by BDNF and Reelin is associated with neurological disorders with impaired neuronal function and connectivity. In particular, altered Reelin signaling is thought to be involved in diseases such as Alzheimer disease, schizophrenia, and epilepsy (7-10). It remains to be studied whether the reciprocal regulation of VLDLR in neurons as shown here by Reelin and BDNF plays a functional role in these or other human neurological diseases.
